The neuropeptides vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-activating polypeptide have long been considered as putative regulators of testicular functions. In vitro evidence suggests that VIP could play an important role in testosterone biosynthesis. However, the endogenous role of VIP on testicular functions remained to be demonstrated. In C57BL/6 mice exhibiting a complete disruption of the VIP gene, we first observed here that serum testosterone levels were lower than those of WT littermates. At the age of 4 months, this phenotype was accompanied with a reduction of expression of StAR and 3-b-hydroxysteroid dehydrogenase (3b-HSD) in the testis. In addition, serum levels of FSH but not LH were reduced in young knock-out (KO) males. Testicular anatomy also revealed a higher percentage of degenerated seminiferous tubules in the 4-month-old VIP KO animals when compared with WT. In 15-month-old animals, control males showed typical testicular aging, including a severe degeneration of seminiferous tubules, a dramatic decrease in serum levels of testosterone, and a reduction in StAR and 3b-HSD gene expression. In age-matching VIP KO males, the levels of serum testosterone and steroidogenic enzymes were still very low. Interestingly, in contrast to that observed in young mice, testicular degeneration at 15 months was significantly less severe in VIP KO than WT mice. All together, these results suggest that 1) VIP is an important factor for regulating testosterone biosynthesis and FSH secretion and 2) VIP may influence testicular aging.
Introduction
Vasoactive intestinal peptide (VIP) is a 28-amino acid peptide, originally isolated from porcine duodenum (Said & Mutt 1970) . Together with its analog pituitary adenylate cyclaseactivating polypeptide (PACAP), they belong to the glucagon/secretin family. VIP expression is almost ubiquitous since it is produced and secreted not only in the intestinal tract, but also in specific brain structures (including hypothalamic, facial motor, and suprachiasmatic nuclei) and many other peripheral tissues (Said & Mutt 1970 , Said & Rosenberg 1976 , Loren et al. 1979 , Nagy et al. 1988 , Koves et al. 1990 . Structurally, VIP shares homologies with PACAP and other related peptides, such as peptide histidine isoleucine (PHI). They also share common G-protein-coupled receptors (called VPAC1: VIP/PACAP receptor type 1 and VPAC2: VIP/PACAP receptor type 2) that mediate numerous similar effects (Vaudry et al. 2000) . However, this functional overlap is not complete, since a third receptor, called PAC1 (PACAP type 1 receptor), known to selectively prefer PACAP to VIP, exists and may play a key role in preventing VIP from fully compensating for the loss of PACAP.
Among many other biological activities, VIP is a wellknown neurotropic peptide with neuroprotective properties (Brenneman et al. 1998) . During the last decade, it has also been suggested that VIP could act as a neuroendocrine hormone (Lam 1991) . Accordingly, studies have revealed a physiological role for VIP in reproductive functions. In particular, direct injection of VIP, alone or in combination with acetylcholine, into corpus cavernosum, has been used clinically first in adult rats, then in humans suffering from functional impotence (Suh et al. 1995) . Studies of the molecular and cellular signaling pathway mediating VIP action revealed that VIP, through VPAC1 receptors, stimulated nitric oxide synthase activity in order to initiate penile erection, leading to a more potent, and possibly safer medication: the Sildenafil, universally known as Viagra.
VIP also acts directly on the testis. In WT males, VIP is, at least in cats, released in the vicinity of Leydig cell nests by specific VIPergic fibers representing the most abundant subpopulation of the inferior spermatic nerve (Suburo et al. 2002) . In vitro treatment of cultured Leydig cells with VIP results in dose-dependent increases in the production of testosterone, progesterone, and pregnenolone (Kasson et al. 1986 ) suggesting a direct stimulatory effect of VIP on Leydig cells. This effect appeared to be specific, since picomolar concentrations of VIP are sufficient to induce testosterone production by dispersed fetal Leydig cells isolated from embryonic rat testes (El-Gehani et al. 1998a) . To mediate its physiological actions, VIP interacts with polyvalent VPAC2 receptors that were specifically detected as early as E15.5 in rat fetal testes by RT-PCR analysis (El-Gehani et al. 1998a) and in the adult testis by in situ hybridization (Krempels et al. 1995) . VPAC2 null-mutant mice are fertile as young adults, but, as they age, exhibit hypospermia and decreased fertility which is accompanied with diffuse seminiferous tubular degeneration (Asnicar et al. 2002) .
Given that VIP stimulates testosterone production in vitro, we hypothesized that this neuropeptide could be an important endogenous regulator of testosterone production, in vivo. Therefore, we hypothesized that VIP-null males would display a severe testicular phenotype including deficiencies in fertility as well as in androgen synthesis. In the present article, we evaluated the steroidogenic capacity and morphology in young and old VIP-deficient mice and WT controls and compared these data with what we previously observed in PACAP null mice (Lacombe et al. 2006) . We show that VIP-deficient males displayed lower serum concentrations of follicle-stimulating hormone (FSH) and a dramatic decrease in the serum concentrations of testosterone when compared with WT. They also displayed early signs of testicular degeneration. Finally, testicular aging was delayed in the old VIP KO, but the degree of conservation of the testicular structure was less than what we found previously in PACAP K/K mice. This study also demonstrated that aged VIP and PACAP null mice exhibited different reproductive phenotypes, suggesting that these two peptides cannot compensate for each other, but rather cooperate, to regulate testicular function.
Materials and Methods

Animals
VIP-deficient male mice backcrossed for at least six generations in a C57BL/6 background were used in the study. They were housed and fed ad libitum in a conventional animal facility. Wild-type age-matched controls from an identical genetic background were analyzed. These controls were generated by breeding a male VIP C/K and a female VIP C/K , whereas the knockout animals were generated by breeding either a male VIP C/K and a female VIP 
Blood collection and hormones measurements
Mice were anesthetized with isoflurane. Blood was then collected by heart puncture, clotted at 4 8C overnight, then centrifuged for 10 min at 10 000 g at 4 8C in order to separate the serum from the rest of the cells. The serum was stored at K20 8C until further analysis. Serum testosterone concentrations were analyzed by RIA after ether extraction according to previously published methodology (Resko et al. 1973) . Serum concentrations of luteinizing hormone (LH) and FSH levels were measured by the National Hormone and Peptide Program (Dr A F Parlow, University of California, Los Angeles, CA, USA) using rat LH and FSH RIA kits. The sensitivity for the LH assay was 0 . 3 ng/ml. The sensitivity for the FSH assay was 2 . 0 ng/ml (www.healthsystem.virginia.edu_internet_crr_methodspage.cfm). In all the groups, the n value (comprised between 6 and 15) was powerful enough to detect moderate effect sizes. For example, in the group with the largest variations (15-month-old VIP K/K ), compared with 4-month-old VIP K/K , there would be sufficient power with nine mice per group to detect differences of 0 . 9 ng/ml or greater than 80% of the time. Values less than 0 . 9 ng/ml would have little biological significance. Therefore, we can be reasonably assured that we did not miss a biologically meaningful difference.
Histology
Testes from wild type (WT) and VIP KO mice were weighed and fixed in 4% paraformaldehyde (PFA) for 48 h at 4 8C. Tissues were then embedded in paraffin prior to sectioning. Mounted sections (6 mm) were stained with hematoxylin-eosin, under standard protocols. Two different populations of seminiferous tubules were discriminated: 'healthy' if the general architecture showed normal spermatogenesis with all the layers of spermatogenic cells associated with each of the XII stages of spermatogenesis, or 'degenerated' if they showed depletion of all or some of germ cell layers usually associated with vacuolization within the seminiferous tubule. This quantification was performed blindly and by two independent investigators.
Quantitative RT-PCR
The left testis from each mouse was weighed, quick frozen in liquid nitrogen. Total RNA from the different tissue samples was isolated with TriZol solution according to the manufacturer's procedures and subjected to DNaseI treatment for 30 min at 37 8C to remove any genomic DNA contamination. DNA-free RNA was reverse-transcribed into cDNA according to the manufacturer's instructions (Iscript kit from Bio-Rad). Two independent real-time quantitative PCR were performed with individual samples run in triplicate, using SybrGreen PCR supermix from Bio-Rad in combination with primers sets designed as previously described (DiCicco-Bloom et al. 2004) . PCR amplifications were set for 45 cycles using three-step program (96 8C for 20 s, 62 8C for 20 s, and 72 8C for 20 s) prior to melting curve assay to eliminate false positive results due to amplification of additional amplicons or formation of primer dimers. Using the following primer sets for amplification of StAR gene (5 0 -TTCTCAACTGGAAG-CAACACT-3 0 and 5 0 -CTTCTGCATAGCCACCTCTC-3 0 ) and 3-b-hydroxysteroid dehydrogenase (3b-HSD; 5 0 -GGAT-CATCAAGATGTTGGTGC-3 0 and 5 0 -TGGTTTCTGGT-CGGAATACTT-3 0 ), we were able to selectively amplify DNA fragments of 75 and 90 pb corresponding to the region 233-308 and 170-260 of the NCBI-published StAR and 3b-HSD mouse sequences (Accession numbers NM_011485 and NM_008293) respectively. Quantification was performed using standard curves for both genes of interest and a housekeeping reference (GAPDH) made by serial dilution of RT control samples. Standardization of basal levels between samples was made possible using GAPDH as the housekeeping gene (DiCicco-Bloom et al. 2004) . Gene expression levels were compared with each other as the differences between StAR:GAPDH or 3b-HSD:GAPDH ratio. Specificity of gene amplification was validated by melting curves and sequencing of PCR products.
Data evaluation and statistical analysis
Results are expressed as meanGS.E.M. Two-way analyses of variance, using genotype (WT versus VIP KO) and age (4, 15 month-old) as comparison parameters, were performed using GraphPad Prism4 software (GraphPad Software Inc., San Diego, CA, USA). When the overall analysis was significant, multiple pairwise post hoc analyses using Student's t-tests and Bonferroni/Dunn adjustments were conducted to determine where the significant differences lay. The level of significance was set at P!0 . 05.
Results
Absence of VIP is associated with very low testosterone levels in young adult male mice
In order to test whether the absence of VIP in mouse could affect normal testosterone production, we first measured the concentration of testosterone in serum collected from 4-month-old WT (nZ8) and VIP KO male mice (nZ8; Fig. 1A ). We observed a profound reduction (PZ0 . 0046) in concentration of serum testosterone in VIP KO animals when compared with age-matched WT (0 . 16G0 . 05 vs 12 . 65G 3 . 8 ng/ml respectively). This was accompanied with a reduction of seminal vesicles weight, organs known to be under the direct control of testosterone for their development (0 . 39G0 . 05 g for WT, nZ19 and 0 . 25G0 . 01 g for VIP KO, nZ9, P!0 . 001).
To address the question of the origin of this effect, we further investigated expression levels of two key components of the steroidogenic pathway. First, we measured StAR mRNA expression, a protein which can activate the transport of cholesterol from cytoplasm into the inner membrane of mitochondria, which is known to be the limiting factor in substrate concentration for steroidogenesis (Stocco 2001) . We also measured 3b-HSD mRNA expression, an enzyme critical for testosterone synthesis. In VIP KO animals, both StAR mRNA (Fig. 1B, 2 . 4-fold decrease, PZ0 . 0092) and 3b-HSD (Fig. 1C, 1 . 62-fold decrease, PZ0 . 0026) were significantly lower when compared with WT.
Testosterone levels, reduced in aging WT males, remain low and constant in aging VIP KO animals
We investigated the same parameters in 15-month-old animals to elucidate whether early reduction in testosterone could affect aging process in testis. In WT males, a dramatic decrease in the concentration of testosterone was observed between 4 and 15 months of age (26-fold, PZ0 . 001) similar to what was observed in our previous study using PACAP KO mice (Lacombe et al. 2006) . In contrast, testosterone levels remained low and constant over the lifespan of VIP KO animals and matched the levels seen in aging wild-type mice (Fig. 1A) . We further measured relative expression level of StAR and 3b-HSD genes in the testis of these old animals, by quantitative real-time PCR. In WT animals, StAR expression (Fig. 1B) was significantly reduced at 15 months (2 . 7-fold, PZ0 . 0005), but not 3b-HSD (Fig. 1C) . In VIP K/K mice, expression levels of StAR and 3b-HSD were low at both ages ( Fig. 1B and C) .
Differential reduction in gonadotropin levels in VIP KO animals when compared with WT VIP action on pituitary LH and FSH secretion has long been controversial (Hammond et al. 1993 , Sawangjaroen et al. 1997 . LH and FSH could subsequently affect gonad development and functions, especially testicular steroidogenesis and spermatogenesis. Anatomical evidence indicates that gonadotropin-releasing hormone cells in the hypothalamus are innervated by VIP-ergic neurons of the suprachiasmatic nucleus (van der Beek et al. 1993) . The day/night rhythm that controls the sleep/activity is impaired in VIP KO mice (Colwell et al. 1973) , raising the question whether the pituitary gonadotroph function was also perturbed. Therefore, we measured serum concentrations of pituitary LH and FSH ( Fig. 2A and B) . There was no significant difference in LH levels in WT versus KO at 4 or 15 months of age ( Fig. 2A) . However, we found significantly lower concentrations of serum FSH in 4-month-old VIP KO animals when compared with WT (Fig. 2B, 83 . 44G3 . 08 ng/ml for the Lack of VIP reduces testicular aging in mouse . A LACOMBE and others 155 wild-type and 58G4 . 94 ng/ml for the VIP KO mice; PZ 0 . 0001).
Testicular structure is impaired in young VIP mutants but better conserved in aged VIP KO when compared with WT controls
To determine whether the reduced testosterone production in VIP KO mice might affect the inner testicular structure and age-dependent degeneration, we studied the testicular structure of the knockout animals at 4 and 15 months of age.
Histopathological studies in testis revealed differences in testicular morphology between 4-month-old WT and VIP KO (Fig. 3A) . Testis of VIP KO mice exhibited a significant increase in the percentage of degenerated seminiferous tubules (Fig. 3B, 4 . 14G0 . 85% degenerated tubules for the WT and 15 . 23G3 . 22% degenerated tubules for the VIP KO mice, PZ0 . 0076).
At 15 months, the structure of WT testis (Fig. 3A) displayed typical signs of aging: a severe depletion of germ cells, presence of vacuolizations, and a thin epithelium predominantly constituted of residual Sertoli cells (Fig. 3A) . We found that 77% of all seminiferous tubules showed signs of degeneration in 15-month-old WT males. This represents a significant increase (PZ0 . 0079) when compared with the 4-month-old WT males. These features were associated with a significant loss (PZ0 . 0012) in the testisCepididymis Figure 1 Comparison of testosterone and steroidogenesis levels during aging between WT and VIP KO animals. (A) Serum testosterone levels during aging in WT and VIP KO males. Between 4 (nZ8) and 15 months (nZ8), serum testosterone decreased dramatically in wild-type animals, while levels remain low and constant in VIP KO mice (nZ9 for 4-month-old and nZ15 for 15-month-old animals), during the same period of time. Two-way ANOVA followed by ad hoc Bonferroni post-test showed that differences between genotype groups at 4 month of age were statistically significant with a P!0 . 01. Further pairwise comparisons using t-test calculated P values indicated on the graph. (B and C) Expression profile of StAR and 3b-HSD during aging. Testes of both WT (nZ5 for 4-and nZ3 for 15-month-old animal) and VIP KO (nZ6 for 4-and nZ5 for 15-month-old animal) were dissected and prepared as described in Materials and Methods. Quantitative RT-PCR experiments revealed that the level of expression of StAR (B) is significantly reduced in WT animals when aging, but remained low and constant in KO animals. Similar experiments performed with 3b-HSD (C) revealed no significant difference in expression levels in WT animals, between 4 and 15 months. In VIP KO mice, similar to that of StAR, the level of expression of 3b-HSD was low and constant over the time. Data normalization was performed using GAPDH as the housekeeping gene. Data presented in the graph are the results of the two separate experiments and are expressed as a ratio of specific PCR products over the amount of the housekeeping gene GAPDH. Two-way ANOVA followed by ad hoc Bonferroni post-test showed that differences between genotype groups at 4 month of age were statistically significant with a P!0 . 01, P!0 . 01, and P!0 . 05 for testosterone, StAR, and 3b-HSD respectively, while these differences were significant at 15 month of age only for 3b-HSD with P!0 . 01. Further pairwise comparisons using t-test calculated P values indicated on the graph. NS, non-significant.
A LACOMBE and others . Lack of VIP reduces testicular aging in mouse weight (Fig. 3C) . In VIP KO animals, at the same age, the whole architecture of the testis was better preserved (Fig. 3A) . We recorded 46 . 5% of degenerating seminiferous tubules (Fig. 3B) . The conservation of the structural integrity of the VIP KO testis was associated with no significant difference in weight of whole testis, remaining constant from 4 to 15 months (Fig. 3C) .
Discussion
VIP action on testicular steroidogenesis
We first observed that the VIP KO mice displayed a dramatic decrease in concentration of serum testosterone when compared with WT. This phenomenon was associated with a decrease in mRNA expression of two key components of the testosterone biosynthesis pathway, i.e. StAR and 3b-HSD. This result is consistent with previous in vitro studies showing that VIP stimulates steroidogenesis in rat Leydig cell culture assays (El-Gehani et al. 1998a ). However, reports from the same group suggest that VIP/ PACAP action on testis is most likely preponderant during fetal testicular Leydig cell development, whereas pituitary LH becomes a constitutive component in the onset of steroidogenesis in adult life (El-Gehani et al. 1998b) . This decrease of steroidogenesis may be more profound in VIP KO than in PACAP K/K since the testosterone level in the young VIP KO animals is even lower than the level found in the PACAP K/K mice (data not shown). As we already observed in PACAP K/K mice, even if the testosterone is very low in the VIP KO, these animals are still fertile because they routinely breed in our colony.
The pituitary is under the negative feedback control of testosterone suggesting that in VIP KO mice, the overall function of pituitary might be affected by the decrease in testosterone levels. Moreover, testosterone was reported to stimulate FSH release (Padmanabhan et al. 2002) . Indeed, we measured LH and FSH production by RIA and demonstrated that blood FSH concentrations were significant reduced in VIP null males. As we previously reported in our study with the PACAP KO mice, the fact that no difference in LH levels has been observed raises the question of the origin of the dysfunction. Like PACAP, VIP can regulate gonadotropin release and secretion, but could also act directly on Leydig cells to regulate testosterone biosynthesis, suggesting that it is a mixed dysfunction, both at the peripheral (testis) and central (pituitary) level.
Another putative key player in the whole hypothalamuspituitary axis function/secretion is the rhythmic activity of suprachiasmatic nucleus. It has been demonstrated that the dark-light circadian rhythm is damaged in VIP null mice (Colwell et al. 2003) , suggesting that rhythmic secretion of gonadotropins might be perturbed in VIP KO mice. Figure 2 Comparison of serum LH (A) and serum FSH (B) levels during aging in WT and VIP KO males. Levels of LH and FSH hormones were assayed as described in Materials and Methods. For LH: nZ15 WT and nZ9 VIP KO at 4-month-old males, and nZ5 WT and nZ5 VIP KO at 15-month-old males. For FSH: nZ16 WT and nZ10 VIP KO at 4-month-old males, and nZ7 WT and nZ5 VIP KO at 15-month-old males. Two-way ANOVA followed by ad hoc Bonferroni post-test showed that differences between genotype groups at 4 month of age were statistically significant with a P! 0 . 01 Figure 3 Histopathology of 4-and 15-month-old WT and VIP-deficient mice testes. (A) Testes of both WT at 4 months (nZ5) and 15 months (nZ5) and VIP-deficient mice at 4 months (nZ4) and 15 months (nZ8) were fixed in 4% PFA and embedded into paraffin. Mounted sections (6 mm) were deparaffinized, rehydrated, and stained with hematoxylin-eosin (Scale barZ100 mm). Double arrowhead shows the depletion of cells often observed into the seminiferous tubules of old WT animals and black arrow points to the vacuolizations also found at high frequency around the seminiferous tubules of these animals. (B) Rate of seminiferous tubules degeneration. On whole testes sections stained with hematoxylin-eosin (n between 4 and 8 for each group), two populations of seminiferous tubules were scored in a blind study as 'healthy' if the general architecture displayed normal spermatogenesis, or as 'degenerated' if they showed either depletion of one or more layers of the expected stage specific germ cells, or vacuolizations, or both. Results are presented as the percentage of degenerated seminiferous tubules per testicular section. (C) Testis weight. Testes and epididymis were dissected out and weighed in both WT and VIP-deficient mice at 4 months old (nZ11 and 10 respectively), and also at 15 months old (nZ9 and nZ7). Two-way ANOVA followed by ad hoc Bonferroni post-test showed that the differences between genotype groups at 4 month of age were statistically significant with a P!0 . 01 for degenerated tubules; whereas both experiments showed significant differences at 15 months of age with P!0 . 001. Further pairwise comparisons using t-test calculated P values indicated on the graph.
Altogether, these data strongly favor the idea that the lack of VIP affects both pituitary and testicular functions.
VIP null males show a significant reduction in age-related testicular degeneration
The second aim of the present study was to analyze longterm effects of the VIP-dependent reduced testosterone levels on testicular morphology. Like that observed in PACAP null male mice (Lacombe et al. 2006) , we observed a significant protection against testicular aging in older VIP KO mice when compared with age-matched WT males. However, the degree of protection induced by a lack of VIP was not as high as what we obtained in PACAP null males. At the age of 4 months, the VIP KO mice display very low testosterone and lower FSH levels when compared with WT. These two factors are essential for the maintenance of spermatogenesis (Simoni et al. 1999 , Zhang et al. 2003 .
In situ hybridization studies indicated that the VIP receptor mRNA VPAC2 was localized in the seminiferous epithelium (Krempels et al. 1995) . Indeed, one could hypothesize that VIP acts on Sertoli cells where the VPAC2 receptor is present. VIP's action could include the regulation of Sertoli cell protein secretion, such as inhibin, which in turn could inhibit FSH release from the pituitary. Among its biological properties, VIP is a factor which could regulate the growth, proliferation, or differentiation of several cell types (Waschek 1995) . It is possible that VIP could directly regulate such activities in testicular cells.
In conclusion, VIP null males showed an overall reduction in circulating concentrations of testosterone and FSH that probably impaired the general morphology of testicular seminiferous tubules in young males, but also reduced age-dependent degeneration of testis structure and function. The question of the precise mechanism by which VIP acts to induce steroidogenesis remains to be elucidated.
